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Abstract

Adult cardiomyocytes are postmitotic cells that undergo very limited cell division. Thus,
cardiomyocyte death as occurs during myocardial infarction has very detrimental consequences for
the heart. Mitochondria have emerged as an important regulator of cardiovascular health and
disease. Mitochondria are well established as bioenergetic hubs for generating ATP but have also
been shown to regulate cell death pathways. Indeed many of the same signals used to regulate
metabolism and ATP production, such as calcium and reactive oxygen species, are also key
regulators of mitochondrial cell death pathways. It is widely hypothesized that an increase in
calcium and reactive oxygen species activate a large conductance channel in the inner
mitochondrial membrane known as the PTP (permeability transition pore) and that opening of this
pore leads to necroptosis, a regulated form of necrotic cell death. Strategies to reduce PTP opening
either by inhibition of PTP or inhibiting the rise in mitochondrial calcium or reactive oxygen
species that activate PTP have been proposed. A major limitation of inhibiting the PTP is the lack
of knowledge about the identity of the protein(s) that form the PTP and how they are activated by
calcium and reactive oxygen species. This review will critically evaluate the candidates for the
pore-forming unit of the PTP and discuss recent data suggesting that assumption that the PTP is
formed by a single molecular identity may need to be reconsidered.
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CELL DEATH VIA THE MITOCHONDRIAL PERMEABILITY TRANSITION
PORE

The mitochondrial PTP (permeability transition pore) is a large conductance channel in the
inner mitochondrial membrane that is thought to play an important role in cell death.! The
PTP was first described by Haworth and Hunter,2 who showed that addition of high levels of
calcium to bovine myocardial mitochondria induced a nonspecific increase in permeability
of the inner mitochondrial membrane. They further showed that the calcium-induced
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permeability was readily reversible if calcium was chelated. Although PTP was initially
written off as a laboratory phenomenon with minimal clinical consequence, additional study
showed that PTP played an important role in initiating cell death in many diseases.1-34

It has been shown that opening of the PTP collapses the mitochondrial membrane potential
and allows equilibration of water and solutes <1.5 kD.2 Classically, when PTP is induced
in media containing solutes <1.5 kD, the mitochondria swell due to an influx of water. PTP
opening can be induced in mitochondria depleted of endogenous energy substrate and in the
presence of uncoupler, showing that the formation of PTP is not energy dependent.26 In
addition to the classic, sustained high-conductance PTP opening, it has also been shown that
transient low conductance activation of PTP can occur.”- Inhibition of transient opening of
the PTP has been reported to inhibit preconditioning.® It has been suggested that transient
opening of the PTP might be a release valve to reduce high levels of matrix calcium.10

Initial studies demonstrated that calcium is a potent activator of the PTP. Subsequently, it
was demonstrated that Mg**, ADP, H*, and NADH increased the K, of calcium-induced
PTP formation such that higher levels of calcium are needed to induce PTP opening.
Reactive oxygen species (ROS) were also shown to activate PTP opening.1! Beyond these
endogenous modulators, many pharmacological inhibitors and potentiators of the PTP have
been identified, such as the ANT (adenine nucleotide translocase) inhibitor, bongkrekic acid,
and the ANT activator atractyloside.12 These 2 modulators are proposed to work at the ANT
by locking the carrier protein in different confirmations.13 It was shown that any drug that
stabilized the conformation of ANT in which it faces the cytosol (the ¢ conformation)
enhanced PTP opening, whereas stabilization of the ANT in the matrix (m) conformation
inhibits PTP opening.3 CsA (cyclosporin A) was originally shown by Fournier et all4 to
block mitochondrial calcium efflux and allow mitochondria to accumulate large amounts of
calcium. Crompton et al® then showed that ability of mitochondria to retain calcium in the
presence of CsA was due to CsA inhibition of the PTP. Using a photoactive CsA derivative,
CypD (cyclophilin D), a mitochondrial peptidyl-prolyl cis-trans isomerase was shown to be
the target of CsA.16 Genetic deletion studies have confirmed that CypD is an activator of
PTP opening.1’ CsA has been demonstrated to reduce cell death in many studies of
ischemia-reperfusion injury.1819 CsA is also known to bind calcineurin and cause
immunomodulation2?; however, CypD inhibitors that do not bind to calcineurin, such as
Debio 025 and NIM811 (N-methyl-4-isoleucine cyclosporin), have been shown to block
PTP,21.22 syggesting that inhibition of calcineurin is not required. In addition, CsA blocks
ischemic preconditioning; this effect has been attributed to blocking transient opening of
PTP during the preconditioning period.® Additional work will be needed to determine the
details and physiological/pathological implications of transient PTP opening.23:24

PTP opening has been proposed as the key driver of ischemia/reperfusion (I/R) injury.35:25
Many of the endogenous potentiators of the PTP, including calcium and ROS, increase
during I/R injury (Figure 1).28 Inhibitors of the PTP have been shown to reduce infarct size
following I/R. CsA, for example, has been shown to reduce infarct size following I/R, even
if the drug infusion was started after the onset of ischemia.2’ It has been shown that acidic
pH reduces cell death in 1/R,28:29 and this has been attributed to inhibition of the PTP by
acid pH during ischemia.3%-32 Low ischemic pH inhibits PTP during ischemia such that PTP
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opening only occurs during reperfusion when pH is restored.?8 This is suggested to provide
a window of opportunity to administer PTP inhibitors at the start of reperfusion. Of note,
inhibition of PTP by low pH only occurs in de-energized mitochondria.33 If mitochondria
are energized, low pH has been shown to stimulate PTP opening.33 Thus, it appears that low
pH will only inhibit PTP if the mitochondria are de-energized. Inhibition of the PTP and
cardioprotection have been demonstrated in cells, isolated hearts,18 and in vivo models.3* In
a phase Il trial, the administration of CsA during acute myocardial infarction decreased
infarct size as assessed by magnetic resonance imaging,3® although a subsequent phase 111
trial showed no benefit to CsA treatment.36 Potential reasons why CsA has been beneficial
in animal studies yet failed to show benefit in clinical trials have been discussed elsewhere.
371t is worth pointing out that although CsA is the most commonly used inhibitor of the
pore, it works through binding CypD, which is only a regulator of the pore. Therefore, it is
possible that the stimulus for myocardial infarction present in the phase 111 trial is
overcoming the inhibition that is conferred through inhibiting CypD.

Beyond I/R injury, the PTP is thought to play a role in the necrotic cell death that is present
in chronic heart failure, potentially driven by calcium mishandling by the cardiac myocytes
in the disease. However, a role for PTP opening in heart failure is not clear, and furthermore,
mice lacking CypD had increased susceptibility to heart failure.10 Outside the field of
cardiology, there is evidence that the mitochondrial PTP is involved in neuronal plasticity,38
in ischemia in other organs such as kidney, as well as muscular dystrophies.3%49 Although
activation of PTP is involved in cell death in most if not all tissues and in many diseases, this
review is focused on cardiomyocytes and ischemia and reperfusion.

Approaches to inhibit PTP have been hampered by the lack of detailed knowledge of the
molecular identity of the PTP. Over the years, there have been many hypotheses regarding
the molecular identity of the PTP. The gold standard approach for confirming the molecular
identity of the putative PTP candidates has relied on the ability of genetic manipulation of a
gene or a gene family to abolish CsA-sensitive PTP opening. This approach has failed to
confirm most, if not all, of the candidates. Here, we describe the major competing
hypotheses and provide historical context to summarize the current understanding of the
molecular identity of the PTP. We will also highlight contemporary studies that provide
some evidence that the assumption that the PTP is formed by a single molecular identity
may need to be reconsidered.

ANT/VDAC/CypD

Formation of the Theory—An early proposal suggested that the PTP was formed at
contact sites between the inner and outer mitochondrial membranes. Research by the
Brdiczka lab showed that the ANT was the primary regulator of contact sites.*! The
formation of these contacts was related to the ADP level in the cell. Further work with a
CypD affinity matrix, comprised of a glutathione S-transferase/cyclophilin D fusion protein
bound to glutathione agarose, pulled down both VDAC (voltage-dependent anion carrier)
and ANT, and, when these were reconstituted into phosphatidylcholine liposomes, they
retained characteristics of the PTP.42:43 |t was shown that CypD bound to ANT in a CsA-
dependent manner. Furthermore, reconstituted and purified ANT (from Neurospora crassa)
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was found to form nonspecific 300 to 600 pico-siemen (pS) channels, further supporting its
presumed role in PTP44:45; however, patch clamping of the megachannel which was
proposed to be the PTP, resulted in 1.3 nano-siemen (nS) channels. Many proteins can form
nonspecific channels when reconstituted into liposomes or bilayers, and therefore, the size of
the conductance needs to be considered. It is also important to verify the findings in intact
mitochondria. It was proposed that under physiological conditions VDAC and ANT form a
complex at contact sites, and under pathological conditions, such as I/R injury, this complex
could deform into the PTP. The involvement of ANT in the PTP was readily reconcilable
with the fact that ADP, atractyloside, and bongkrekic acid were known modulators of the
PTP, and all are known to bind to ANT.#6:47 Other studies showed that Bax (BCL2-
associated X) could regulate PTP opening in conjunction with ANT.#8 In this study, Bax was
shown to co-immunoprecipitate with ANT, and ectopic expression of Bax induced cell
death, but not without the presence of ANT, and both ANT and Bax were necessary for
atractyloside to induce channel formation in artificial membranes.*8 Thus, at the turn of the
millennium, it was generally hypothesized that ANT/VVDAC formed the basic unit of the
PTP, and recruitment of additional proteins, such as CypD, Bax, hexokinase, or translocator
protein modulated the activation of the PTP.# The ANT/VDAC/CypD model is depicted in
Figure 2.

Mounting Evidence Against the Theory—Studies showing that CsA-sensitive
mitochondrial swelling was still present when components of the ANT/VDAC model were
genetically deleted led to a decline in acceptance of this hypothesis. In 2004, in a study by
Kokoszka et al,*9 liver mitochondria lacking ANT1 and ANT2 mitochondria were
challenged with both uncoupler and calcium. It was shown that a CsA-sensitive PTP
occurred in response to uncoupler in both wild-type (WT) and knockout strains. However,
PTP opening in the ANT knockout required an order of magnitude more calcium than in
WT. These data were interpreted as showing that ANT was a modulator of the calcium
sensitivity of the PTP instead of the pore-forming species itself.

Genetic knockouts of VDAC were also tested independently in 2 laboratories. Previous
studies showed that mammals possess 3 highly conserved isoforms of the VDAC gene, and
although all had initially been considered as possibilities for involvement in the PTP,%0
VDAC1 had emerged as the leading candidate in the early 2000s (primarily due to its
association with a putative PTP inhibitor Ro 68-3400).%1 In 2006, the Bernardi lab showed
that the characteristics of PTP were indistinguishable between VDAC1~~ and WT
mitochondria and that the putative inhibitor Ro 68-3400 was still able to inhibit PTP,
suggesting that VDAC is not the target for PTP inhibition by Ro 68-3400.52 Soon after, in
2007, it was shown that in mitochondria lacking VDAC1 and VDAC3, PTP was preserved.>3
Experiments were also done in embryonic fibroblasts, which showed that VDAC2 null
mitochondria displayed intact PTP formation (this was necessary because VDAC27/~ is
embryonic lethal). These data suggest that the VDACSs as a family were dispensable for PTP
formation.>3 Furthermore, in a later study, it was shown that PTP formation, as measured by
mitochondria or mitoplast swelling or calcium uptake, could occur in mitoplasts, which are
devoid of an outer mitochondrial membrane.>
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Phosphate Carrier and a Restructured Theory—Leung et al°® later showed that the
antibody to ANT also recognized the phosphate carrier (PiC), which led to consideration of
a role for the PiC in the PTP. It was noted that the PiC binds to CypD in a CsA dependent
manner. This led to the hypothesis that the PiC undergoes a CypD-mediated conformational
change in response to high levels of calcium and is the pore-forming component of the PTP;
in this model, ANT modulates the PiC conformational change.>®

Although the proposed PiC model did reconcile some data, this model was inconsistent with
other data in the literature. For example, although a study in the late 1990s utilizing patch-
clamp analysis found that the PiC could form a channel in response to calcium, the
characteristics were more similar to the inner mitochondrial anion channel rather than the
PTP.56 Furthermore, additional studies found that cardiac-specific genetic deletion of the
PiC did not block PTP opening but did lead to greater calcium uptake capacity, attenuation
of I/R injury, and protected isolated cells from calcium-related overload—induced death.>7:58
A similar study showed that both overexpression and underexpression of the PiC did not
affect PTP formation.>8 It was concluded that the PiC was not essential to PTP opening but
likely a key modulator. Interpretation of these data is somewhat complicated because
altering the level of the PiC will change the phosphate level and thus the ADP/ATP level in
the mitochondria, which is a known modulator of the pore. Furthermore, a complete
knockout (KO) of the PiC would drastically lower the level of inorganic phosphate in the
cell, which could interfere with the accumulation and buffering of calcium, an activator of
the PTP. Taken together, the data suggest that the PiC is not the pore-forming component of
the PTP. Currently, the PiC is thought to provide a regulatory role in PTP formation,
primarily through its regulation of inorganic phosphate levels.>®

Misfolded Proteins

Formation of the Theory—He and Lemasters®9 suggested that PTP, in some instances,
becomes unregulated or unable to be inhibited by CsA or Mg2*. Various PTP inducers were
used at multiple concentrations and PTP opening, CypD membrane localization, and PTP
diameter were measured. The data showed 2 populations of pores, a population that was
regulated by CsA and Mg2*, and another that was not. Their findings showed that, in
general, stronger induction of the PTP results in unregulated PTP formation and less intense
induction of the PTP results in regulated PTP formation.

He and Lemasters®0 proposed that the PTP is formed by an aggregate of amphipathic
membrane proteins that are regulated by chaperone proteins. They hypothesized that the
exposure to oxidative stress caused misfolding of native proteins, which would bring
hydrophilic regions capable of forming pores into close proximity with the lipid bilayer.
After misfolding occurred, chaperone proteins such as CypD would bind to the misfolded
proteins. This binding was hypothesized to be an attempt of CypD to restore the misfolded
proteins to their native state. The further addition of calcium to the CypD-chaperoneprotein
cluster would result in opening of a regulated pore, and CsA would antagonize this CypD-
mediated opening. When the total number of the pore complexes outnumbered the available
chaperone proteins, the pores would become unregulated by CsA and Mg2*. The authors
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noted that ANT would be frequently involved in this complex, as it is the most abundant
inner mitochondrial membrane protein but would not be a necessary component of the pore.

Critical Evaluation and Rebuttal—The misfolded proteins model was proposed in the
early 2000s and has not been refuted or supported by any direct evidence. However, the
concept that the PTP is a heterogeneous group of denatured proteins is not easily
reconcilable with the data showing that PTP regulation is modulated by matrix pH,
membrane potential, and adenine nucleotides.51.62

Complex V: The F1Fg-ATPase

Structure and Function of the F1Fg-ATPase—The F;Fy-ATPase, known as complex
V in the electron transport chain, consists of 2 distinct domains. The F1 domain is located in
the mitochondrial matrix, and the Fg domain is embedded in the inner mitochondrial
membrane.53 The F; moiety has 3 copies of the a and B-subunits, and 1 vy, 8, and e subunit
and comprises the catalytic portion of the enzyme. The Fq portion of the enzyme is
comprised of the c-ring (which has 8 c-subunits in bovine tissue®#) and the peripheral stalk,
which contains 1 copy of the b, d, Fg, and OSCP (oligomycin sensitive-conferring protein)
subunits. The peripheral stalk serves to transmit the mechanical force from the c-ring rotor
to the catalytic region to provide the requisite energy to produce ATP from ADP and P;
(inorganic phosphate). The F1Fo-ATPase forms dimers that are organized into rows.%> Two
distinct theories have been developed recently implicating different subunits of the F1Fg-
ATPase as the inner membrane pore-forming unit of the PTP.

Dimer Theory—In 2009, Giorgio et al® reported that CypD could bind to the F1Fg-
ATPase OSCP (oligomycin sensitive conferring protein) subunit. Furthermore, it was noted
that CypD binding was reversed by the addition of CsA and that CypD modulated the
catalytic activity of the ATPase. Chinopoulos et al® also reported that CypD modulated the
activity of the Fy Fo -ATPase. Giorgio et al®8 later showed that ATP synthase dimers
reconstituted in lipid bilayers could be induced to form channels with conductance similar to
that of the PTP. This pore formation could not be duplicated when ATP synthase monomers
were placed in the membrane. This information, combined with the observation that many
modulators of PTP were known regulators of ATP synthase activity (such as magnesium,
adenine nucleotides, Pi, and membrane potential), led to the hypothesis PTP formed at the
junction of 2 F1{Fg-ATP synthase proteins.

To test this hypothesis, the Bernardi lab took the approach of mutating residues of the F1Fg-
ATP synthase that could potentially confer the calcium and pH sensitivity of the PTP.
Mutation of Thr 163 to Ser in the p-subunits of the F1Fo-ATP synthase in Rhodospirillum
rubrum maintained the ability of the F1Fp-ATP synthase to hydrolyze MgATP, but this
mutation was not able to hydrolyze CaATP.5° These findings have been interpreted to
suggest that Thr 163 is essential for calcium binding. Of note, with WT B-subunit, F1Fqo-ATP
synthase hydrolysis of MgATP is coupled to the generation of a proton gradient; however,
hydrolysis of CaATP does not generate a proton gradient.59 This suggests that the F1
conformational state is different depending on calcium versus magnesium binding and that
the conformational state with calcium binding is not able to couple to proton translocation.
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These findings would be consistent with the hypothesis that the replacement of magnesium
with calcium in the F1Fo-ATP synthase is the inciting event that precipitates a
conformational change in the functional protein dimer to the PTP.7% Giorgio et al’® recently
tested the role of Thr 163 (the bovine equivalent to Thr159) in regulating calcium-activated
PTP and found that T159S mutations exhibited a decrease in calcium sensitivity to PTP
opening.

Additional support for the F{Fy-ATP synthase dimer model was provided by studies showing
that mutation of H112 of the OSCP subunit abolishes the inhibition of the PTP by low pH,
which occurs in the absence of substrates. The mutants had similar F{Fo-ATP synthase
activity under physiological pH as well as acidic conditions as compared to WT, indicating
that the failure of acidic pH to protect was not likely due to baseline differences in energy
stores of the mutants.”2 These findings support the hypothesis that the F1Fg-ATP synthase
mediates PTP formation. A representative model of the dimer theory is shown in Figure 3.

Concerns Raised About This Model—A challenge to the F1Fo-ATP synthase dimer
theory came from the Walker lab in studies in which several subunits of the peripheral stalk
(the b subunit and OSCP) were genetically deleted in haploid cells,”3 and CsA-sensitive PTP
formation still could be initiated by addition of calcium. These data were interpreted as
showing that if the F1Fo-ATP synthase is the pore, the site of CypD interaction with the pore
is not at the OSCP or b subunit. The lack of CypD binding at these deleted sites directly
challenged the ATP synthase dimer model, which is partially predicated on the OSCPCypD
interaction. Bernardi et al have suggested that the PTP channels formed in these cells were
smaller than the normal PTP, based upon the slower rate of swelling in the knockouts.”#
Bernardi noted that in all of the experiments deleting subunits of the F1Fg-ATP synthase that
the deletions may be leading to the development of a vestigial ATP synthase, which could
have formed a small, but functional PTP; this could account for the slower rate of swelling
in the peripheral stalk knockouts in the Walker experiments.’*

The Walker lab published a recent article showing that a CsA-sensitive permeability is still
present following deletion of 5 proteins (subunits e, f, g, the 6.8kD proteolipid, and DAPIT
[diabetes-associated protein in insulin-sensitive tissues]) associated with the lateral stalk.”®
They show that individual deletion of subunits e, f, g, and the 6.8kD proteolipid all block the
formation of dimers. They also show that these mutants generate a membrane potential and
transport calcium into the mitochondria. These dimerization-null ATP synthase mutants
challenge the dimer model as a PTP-like activity persists in the absence of dimers,
suggesting that ATP synthase dimerization is not required for this PTP-like activity. As
mentioned above, Bernardi has raised questions about the size of this PTP channel.

C-Ring Theory—In 2011, Alavian et al’® reported that Bcl-x, (B-cell lymphoma extra-
large) binds to ATP synthase at the p-subunit and modulates ATP synthase activity. This was
based on prior data showing that Bcl and Bcl-x;_ could localize to the inner mitochondrial
membrane and are involved in cell death.”” These data led to the investigation of the F1Fg-
ATP synthase for specific subunits that were capable of forming pores similar to the PTP. In
2014, Alavian et al® reported that purified c-subunits formed a voltage-sensitive channel
when reconstituted into liposomes. Additionally, they reported that persistently high calcium
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caused detachment of the c-ring from the F1 subunit. Finally, depletion of the c-subunit
decreased PTP formation, and exogenous addition of the B-subunit increased the probability
of PTP closure. In this theory, when the conditions for PTP are met, the F1 portion of the
F1Fo-ATP synthase releases from the Fq portion and the previously inhibited channel pore in
the middle of the c-subunit allows passage of solutes. Under physiological conditions, the F;
subunit, particularly the B-subunit, inhibits conduction across the pore. Figure 4 illustrates
the c-subunit theory.

Concerns Raised With This Model—The Walker laboratory produced deletions of the
3 genes that contribute to the c-subunit in haploid cells and found that a CsA-sensitive PTP
persisted in this model.”® Beyond the genetic studies performed on the c-subunit, some
questions have been raised about the plausibility of the mechanism regarding the c-ring
hypothesis. The internal surface of the c-ring is thought to be lipophilic, and therefore,
would be unlikely to conduct solutes. Questions have been raised as to how the lipid plug
that usually occupies the center of the c-ring is dislodged during PTP activation.”2:80
Furthermore, atomistic simulations did not support hydration of the c-ring to form a pore.81
Finally, it is important to consider whether or not the dislodging of the lipid plug would be
readily reversible, which would be necessary if the PTP activates transiently as suggested.8°

There are inherent difficulties in testing any hypothesis regarding the F{Fq-ATP synthase, as
the loss of the protein will drastically change the ATP production of the cell, resulting in
altered matrix ATP/ADP (which are known modulators of the PTP). Furthermore, genetic
deletion in mammals may not be possible, as deletions of this enzyme (or even subunits)
may be embryonic lethal. To this end, the models that have been used to test the dimer and
c-ring hypotheses have so far been limited to cells, mitochondria, or lipid bilayers. Another
approach being used is to make point mutations in key subunits that would be consistent
with the known properties of the PTP.

Recent Studies Suggesting a New Understand of PTP

The Possibility of Multiple Pores—Although distinct potential molecular identities
(ANT, PiC, F{Fo-ATP synthase dimers, F1Fo-ATP synthase c-ring) have been proposed to be
the inner membrane component of the PTP, all have been called in to question because a
CsA-sensitive permeability remained following genetic deletion of the associated genes.
This has led investigators to propose mechanisms that have multiple pore-forming
components.

A recent article on the deletion of the c-subunit of the F{Fg ATP synthase showed that
although CsA-sensitive PTP could be induced, the resultant pore had a much lower
conductance than WT PTP.82 Neginskaya et al®2 using the same haploid cells lacking the c-
subunit as in the Walker study performed patch-clamp analysis of these cells and showed
that the conductance of the pore was ~300 pS, which is lower than the 1.3 nS channel
typically associated with the PTP. They also showed that a 300 pS channel that persists in
the cells lacking the c-subunit was inhibited by bongkrekic acid, an inhibitor of ANT. It was
also noted that ANT has been reported to form a 300 pS channel. The authors concluded that
the classic PTP was not formed in these knockout mitochondria, that mitochondrial
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permeability increase may be caused by another channel that shares the characteristic CSA
sensitivity noted for the PTP. Additionally, the authors concluded that the lack of the c-
subunit may enhance PTP formation through other proteins, such as ANT, which was
supported by showing that the alternative channel was sensitive to the ANT inhibitor,
bongkrekic acid.

Consistent with this concept, Karch et al®3 showed that the quadruple deletion of ANT1,
ANT2, ANT4, and CypD results in the loss of PTP. The ANT family of proteins are a pore-
forming species that could be consistent with the PTP. The PTP could still be observed in the
triple ANT knockout, in which CsA could then completely inhibit PTP formation.
Importantly, patch clamping in the triple ANT KO showed that the permeability increase
was not due to a classical PTP. The authors suggest that these data are reconcilable with 2
distinct molecular identities of the PTP.

The hypothesis that both ANT and the F1Fy-ATPsynthase can form permeability pores might
suggest that the ATP synthasome or perhaps the assembly or disassembly of the synthasome
might be important in induction of the PTP. Beutner et al®* provide data showing that dimers
of the F1Fo-ATPsynthase, the ANT, and the PiC can assemble into a synthasome complex.
They further show that CypD is needed for the disassembly of the synthasome into its
components. This hypothesis would suggest that the ATP synthasome is assembled under
high work conditions and that disassembly of the synthasome is needed to generate the PTP.
This hypothesis also provides a physiological role for CypD. One might ask what conditions
favor disassembly of the synthasome. Conditions of low work (low ADP) and high substrate
or high calcium would enhance AY and lead to generation of ROS. It is plausible that this
would trigger disassembly of the synthasome modulated by CypD.

Taken together, these data would be consistent with CypD promoting disassembly of the
synthasome to F1Fqo. ATPsynthase dimers, which forms the 1.5 nS channel; in this theory,
CsA would inhibit the formation of the PTP by inhibiting the disassembly of the
synthasome. If subunits of the F1Fy-ATPsynthase are deleted, this alters the assembly of the
synthasome and can lead to the generation of other smaller channels that can be inhibited by
CsA. Additional studies will be needed to fully elucidate the role of the F{Fy-ATPsynthase
and other components of the synthasome in generating the PTP.

REGULATION BY CALCIUM

Another strategy for reducing the PTP is to reduce mitochondrial calcium, as calcium is a
well-established activator of PTP.85 Calcium has long been known to enter the mitochondria
via an electrophoretic pathway using the mitochondrial membrane potential as the driving
force. In 2011, 2 groups independently identified the pore-forming protein responsible for
mitochondrial calcium uptake: a protein previously identified as CCD109A (coiled-coil
domain containing 109A), which has been renamed MCU (mitochondrial calcium
uniporter).86.87 |t was shown that this protein is part of a large complex responsible for
mitochondrial calcium entry (Figure 5). This complex is currently proposed to be a tetramer
of MCUB88-90 along with several EF hand proteins known as mitochondrial calcium uptake
protein (MICU) 1, 2, or 3 (MICU1, MICU2 and MICU3) and essential MCU regulator
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(EMRE) also known as single-pass membrane protein with aspartate rich tail (SMDT1).%1
EMRE is a single-pass membrane protein associated with the uniporter complex, which
appears to essential for calcium uptake in metazoans.%? In the yeast Saccharomyces
cerevisiae, which lacks MCU, EMRE must be coexpressed with human MCU to reconstitute
mitochondrial calcium uniporter activity.93 However, MCU from fungi that lack EMRE can
transport calcium in the absence of EMRE.% Wang et al®* performed cryo-EM (cryogenic
electron microscopy) studies of human MCU and EMRE to better understand why metazoan
MCU requires EMRE. They compared the structure of HsSMCU (human MCU) with and
without EMRE and showed that the juxtamembrane loop of HsSMCU blocks the calcium
channel and that EMRE forms a stent to move the juxtamembrane loop and open the channel
(Figure 5).

MICUL, 2, and 3 are EF hand proteins that bind calcium and regulate MCU activity. MICU1
binds to EMRE and MCU and has been proposed to reduce MCU mediated calcium uptake
at low calcium levels, but increase calcium uptake at high calcium levels.%5-97 MICU1 has
been shown to interact with the DIME sequence of MCU, and this interaction is proposed to
facilitate the role of MICUL1 as a gatekeeper to reduce calcium entry at low
extramitochondrial calcium levels.%8:99 Liu et al®® found that loss of MICU1 led to a
perinatal lethality rate of ~85%. However, with age, the MICU1~/~ mice seemed to improve
in phenotype as well as regain close-to-normal mitochondrial calcium homeostasis,
concurrent with a decrease in EMRE protein expression. Liu et al® also found that crossing
the MICU1-KO with an EMRE*~ mouse rescued the perinatal lethality. Interestingly, Tufi et
al100 have suggested that MICU1 has a function in addition to regulating MCU. They show
in flies that loss of MICUL is lethal and it is not rescued by loss of MCU or loss of EMRE;
loss of MCU or EMRE alone are not lethal and therefore if the only function of MICUL is to
regulate MCU it would be expected that deleting MCU would rescue the lethality of loss of
MICUL. Interestingly, Gottschalk et all% report that MICUZ1 localizes with MICOS
(mitochondrial contact site and cristae organizing system). Additional studies will be needed
to sort out the role of MICU1.

As MICUL1 binds directly to EMRE and MCU, MICU1 can regulate MCU in the absence of
MICU2. In contrast, MICU2 binds to MICU1, and therefore, MICU2 cannot regulate MCU
in the absence of MICUL. The affinity of MICU2 for calcium is lower than MICU1 and so
depending on the ratio of MICU1 to MICU2 in the complex the calcium sensitivity of the
MCU can be regulated.192 MCUb, which has high homology to MCU, has been shown to
inhibit calcium uptake when it is incorporated into the tetramer. The DIME sequence is
similar in MCU and MCUb. Thus the mechanism by which MCUDb inhibits calcium uptake
is not fully elucidated, but a recent study showed that MCUb can alter the MCU complex
stoichiometry which could alter mitochondrial calcium uptake.103

In addition to calcium uptake mechanisms, matrix calcium is also regulated by
mitochondrial calcium efflux. Studies in the 1970 showed that when the MCU was inhibited
with ruthenium red, a mitochondrial calcium efflux occurred, which was activated by
extramitochondrial sodium.194 The protein responsible, a NCLX (sodium, calcium, lithium
exchanger), was identified (slc8B1; solute carrier family 8, member B1) in 2010 and shown
to mediate sodium-dependent mitochondrial calcium efflux.1%5 A proton-calcium exchanger
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has also been proposed to play a role in mitochondrial calcium efflux. LETM1 (leucine
zipper EF-hand containing transmembrane protein 1), an EF-hand protein, was identified by
a genome-wide small interfering RNA (RNAI) screen as a mitochondrial calcium proton
antiporter.106 However, LETM has also been suggested to mediate potassium-proton
exchange.197 Additional studies will be needed to sort out the role of LETM in
mitochondrial calcium homeostasis. Studies in which both NCLX and LETM were
expressed in HeLa cells showed that NCLX overexpression enhanced mitochondrial calcium
efflux, but LETM overexpression did not.198 Because mitochondrial calcium efflux is
sodium dependent, a change in cytosolic sodium can alter mitochondrial calcium. It has been
suggested that an increase in cytosolic sodium, as occurs during heart failure, leads to a
decrease mitochondrial calcium, and this decrease in mitochondrial calcium might impair
energetics and by altering NAD(P)H might alter antioxidant balance.109.110

MCU, Mitochondrial Calcium, and Heart Disease

An increase in mitochondrial calcium has been shown to occur during ischemia and
reperfusion, and this increase in calcium is proposed to activate the PTP.28 Thus inhibition of
MCU during ischemia has been proposed as means to reduce cell death in I/R (Figure 1).
Studies performed in a mouse model in which MCU was deleted in the germline did not
show protection in a perfused heart model of I/R.111 Mitochondria from these MCU-KO
hearts did not take up calcium and did not exhibit PTP opening; however, when the hearts
were subjected to global ischemia and reperfusion, they showed similar infarct size to the
WT hearts. In another study, mice expressing a cardiac-specific dominant-negative MCU
were also not protected from I/R injury.112 The MCU pore-forming sequence was mutated
and overexpressed in the heart using the alphamyosin heavy chain promoter, which turns on
at birth. Because MCU exists as a tetramer, the mutated MCU acts as a dominant-negative.
Cardiac mitochondria from mice overexpressing this dominant-negative MCU did not take
up calcium and did not exhibit PTP opening.112 However, similar to the mice with germline
deletion of MCU, these hearts did not show a reduction in infarct size when they were
subject to an in vivo model of I/R. In contrast to these studies in which MCU was knocked
out at birth or before, studies in which MCU is deleted in adult heart show cardioprotection.
The Elrod lab and the Molkentin lab developed a mouse with a tamoxifen-inducible deletion
of MCU from the heart.113.114 The mouse was studied independently in the 2 labs, and both
found that when MCU is deleted in the adult hearts, there is a reduction in infarct size in an
in vivo model of I/R. Taken together, the data suggest that if MCU is deleted before birth,
the heart is not protected from I/R, whereas deletion of MCU in the adult heart results in
cardioprotection.

Although the precise reason for the difference is not clear, the data are consistent with the
hypothesis that deletion of MCU before birth results in an adaptation in the heart which
alters I/R death. Interestingly, CsA protects in WT but not in germline MCU-KO hearts.111
It is known that with strong induction of PTP, CsA is no longer able to inhibit PTP
formation. Therefore, the lack of protection by CsA in the germline MCU-KO might be due
to a more robust activation of the PTP. Another possibility is that in the germline MCU-KO
hearts, a new PTP independent mode of death now predominates, and this may be the case in
the germline MCU-KO hearts. However, inhibition of the RIP (receptor-interacting protein)
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kinase necroptosis pathway using necrostatin or genetic ablation of RIP3 was protective in
the WT heart but not in the germline MCU-KO hearts.115 Thus, if germline MCU-KO hearts
upregulate another cell death pathway, it is not the RIP1/3 pathway. It is possible that some
adaptation occurs in the mice in which MCU is deleted before birth, and this adaptation
allows activation of PTP independent of calcium activation and CypD (since it is not
inhibited by CsA). This adaptation could be clinically relevant as CsA did not protect in a
recent clinical trial.3

As discussed, calcium uptake into mitochondria can also be regulated by altering levels of
the regulators of the MCU complex, and if alterations in these regulators occur, they could
alter the susceptibility to PTP initiated death. A loss of function mutation in MICU1 has
been reported in human patients and is associated with ataxia which has been attributed to
mitochondrial calcium overload.116 Additional mutations in MICU1 have also been
identified which are also consistent with mitochondrial calcium overload.11’” An increase in
MICU1 and NCXL has been reported in failing human hearts, presumably consistent with
compensation to reduce mitochondrial calcium overload.118 MICU2 has been shown to be
increased at the transcriptional level in both mice and humans with cardiovascular disease.
119 Mice with deletion of MICU2 had evidence of mild diastolic dysfunction. Patients with a
null mutation in MICU2 have been reported to have altered mitochondrial calcium
regulation and a severe neurodevelopmental disorder.120 Paillard et al102 demonstrated that
the stoichiometry of MICU1 and MICU2 vary among different tissues and that the ratio of
MICU1/MCU is regulated by the availability of MICU1L. At low levels of MICU1/MCU,
there is a decreased threshold for calcium entry into the mitochondria. Furthermore,
overexpression of MICUL in the heart leads to contractile dysfunction. This raises the
interesting speculation that alterations in the MICU1/MICU2 might occur with age or
disease and alter susceptibility to calcium overload and PTP opening.

MCUD levels vary among different tissues and can be regulated in disease state.121 A recent
study by Lambert et al'93 shows that MCUDb insertion into the MCU complex displaces
MCU and thereby alters MICU1/2 association with the complex because MCUb does not
directly bind these gatekeepers and thereby alters the calcium sensitivity of MCU. They
further show an increased incorporation of MCUb into the complex during I/R, which would
be expected to decrease calcium entry into the mitochondria. In addition, they showed that
transgenic MCUb overexpression was protective from I/R and displayed reduced
mitochondrial swelling in isolated cardiac mitochondria.

NCLX has been shown to be increased in failing human hearts.118 Cardiac-specific
overexpression of NCLX reduced mitochondrial calcium loading and I/R death. In mice, in
which NCLX was acutely deleted in the heart, 87% of the mice died within 14 days. The
death was attributed to mitochondrial calcium overload and was partially rescued by
inhibiting the PTP by crossing the NCLX-KO mice with CypD-KO mice.

REGULATION BY ROS

ROS is another well-established activator of the PTP, which is known to increase during I/R
and heart failure and is, therefore, another potential target to reduce cardiomyocyte death
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(Figure 1). Could strategies be undertaken on reperfusion to reduce ROS generation? A
number of studies tested the hypothesis that treatment with antioxidants would reduce I/R
injury, and the majority of these studies failed to show protection.122-125 Fyrthermore,
clinical trials in the 1990s, testing whether superoxide dismutase would be beneficial in
patients undergoing angioplasty following acute myocardial ischemia, failed to show a
beneficial effect.126:127 However, one limitation of these early studies is that the antioxidants
were not targeted to the mitochondria. This prompted the development of mitochondrial-
targeted antioxidants such as mitochondrial-targeted ubiquinol (MitoQ).128:129 MitoQ has
shown great promise in reducing both I/R injury128 and heart failure.130 MitoQ also has
been tested in a patient study for Parkinson disease but showed no improvement over
placebo.131 A small human trial for hepatitis C did show a reduction in markers of liver
damage in the MitoQ-treated patients.132 It should be mentioned that ROS also has signaling
roles in the heart and that prolonged treatment with drugs such as MitoQ could interfere with
beneficial ROS signaling. For example, it has been shown that antioxidants can block
cardioprotective signaling.133

Another potential strategy to reduce ROS would be to block its production; this would be
analogous to inhibiting calcium uptake into the mitochondria. One limitation of this strategy
is that there appear to be many sources of ROS generation during I/R, including the electron
transport chain, reverse electron transport at complex | fueled by an increase in succinate
during ischemia, monoamine oxidase, and NADPH oxidases. It may be difficult to inhibit all
the relevant sources of ROS. However, there has been promising data suggesting that
inhibition of reverse electron transport (eg, by lowering levels of succinate) reduces infarct
size following 1/R.134-136 An increase in succinate is a common finding during ischemia,
and there are data suggesting that on reperfusion the accumulated succinate can drive reverse
electron transport of complex I generating ROS (Figure 1). Although there are several
mechanisms that can produce succinate in the mitochondria, Chouchani et alt34135 have
suggested that succinate accumulates during ischemia due reverse operation of complex II. It
is proposed that QH2 (ubiquinol) is oxidized by SDH (succinate dehydrogenase; complex I1)
with fumarate as an electron acceptor resulting in the generation of succinate.134 Others
have suggested that succinate accumulation during ischemia results from canonical Krebs
cycle activity.137 Inhibition of SDH with malonate has been shown to reduce levels of
succinate and reduce infarct size. However, some issues have been raised about the extent of
reverse electron transport at complex | during reperfusion.138 Future studies will be needed
to work out the details of this mechanism.

SUMMARY AND FUTURE DIRECTION

PTP-mediated cell death is well documented in I/R injury, and strategies to reduce PTP in
I/R have generally been showed to be cardioprotective. However, CsA a classic desensitizer
of the PTP did not show protection in a recent clinical trial. CsA inhibits by binding CypD,
and it is known that with strong stimuli PTP can become independent of CypD. This has led
to the drive to identify inhibitors that directly inhibit the PTP pore-forming unit. This effort
is limited by the lack of knowledge of the molecular identity of the PTP. As discussed in this
review, it is possible that multiple pores or PTPs can form and this might account for the
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lack of protection in the clinical trial. Thus, a major goal of future studies is to identify the
PTP(s) to allow rational development of inhibitors.

Although CypD is known to activate the PTP, the mechanism responsible is unclear.
Similarly, although it is well accepted that an increase in calcium and ROS are triggers of
PTP and cell death the mechanisms by which they activate the PTP are unclear. Until we
know the identity of the PTP, it will be difficult to determine how calcium and ROS activate
PTP opening.

In summary, in spite of considerable effort and studies, the precise mechanism by which an
increase in calcium and ROS lead to cardiomyocyte death is still largely unknown. Just as
the identification of MCU lead to an explosion of our understanding of mitochondrial
calcium transport and regulation, the identification of the PTP is needed to spur our
understanding of PTP and its role in cell death.
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Nonstandard Abbreviations and Acronyms

ANT adenine nucleotide transporter

CsA cyclosporin A

CypD cyclophilin D

EMRE essential MCU regulator

LETM1 leucine zipper-EF-hand containing transmembrane protein 1
MCU mitochondrial calcium uniporter

MICOS mitochondrial contact site and cristae organizing system
MICU mitochondrial calcium uptake protein

NCLX sodium-calcium-lithium exchanger

OSCP oligomycin sensitive-conferring protein

PiC phosphate carrier

PTP permeability transition pore

RIP receptor-interacting protein

ROS reactive oxygen species

SDH succinate dehydrogenase
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SMDT1 single-pass membrane protein with aspartate rich tail
VDAC voltage-dependent anion carrier
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Figure 1. Calcium and reactive oxygen species (ROS) lead to activation of the mitochondrial PTP
(permeability transition pore) and initiation of cell death.

A, At the end of ischemia and the first few seconds of reperfusion, an increase in
mitochondrial calcium can occur via MCU (mitochondrial calcium uniporter) which can
activate PTP. There is also a buildup of succinate which upon conversion to fumarate by
complex 11, generates large levels of QH2 (ubiquinol) which drives reverse electron transport
(RET) of complex I leading to ROS production. As shown in B, inhibition of PTP.,.
inhibition of MCU and inhibition of complex Il (or complex I) are potential mechanisms to
reduce PTP opening and reduce cell death. CypD indicates cyclophilin D. Illustration credit:

Ben Smith.
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Figure 2. ANT (adenine nuclectide transporter)/VDAC (voltage-dependent anion carrier)
hypothesis.
CypD indicates cyclophilin D; and ROS, reactive oxygen species. Illustration credit: Ben

Smith.
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Figure 3. F1Fg-ATPase dimer hypothesis.
In normal mitochondria, the F1FpATPase is thought to self-assembly into a ribbon dimer

structure. Bernardi et al1.70 have proposed that PTP (permeability transition pore) channel
formation could occur at a monomer-monomer interface following a calcium-dependant and
reactive oxygen species—dependent change in conformation. Illustration credit: Ben Smith.
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Figure 4. C-ring hypothesis.

Calcium, reactive oxygen species (ROS), and cellular stress signaling activation of the
mitochondrial permeability transition pore and initiation of cell death through a potential
pore in the c-ring. In this theory, the F1{Fq-ATPase would likely have to had cleared a lipid
plug from the interior of the c-ring. CypD indicates cyclophilin D; and OSCP, oligomycin
sensitive-conferring protein. Illustration credit: Ben Smith.
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Figure 5. MCU (mitochondrial calcium uniporter) complex: A showsthe MCU complex in the
open conformation and B showsit in the closed confor mation.

EMRE indicates essential MCU regulator; and MICU, mitochondrial calcium uptake

protein. lllustration credit: Ben Smith.
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